Introduction
The jaw joint (temporomandibular joint or TMJ) connects the mandibular condyle to the temporal bone of the skull. The articular surfaces are covered with a layer of articular cartilage and are separated by a fibro-cartilaginous articular disc. Normally, this disc moves almost frictionless between the articular surfaces of the temporal bone and mandibular condyle 1, 2 . This is mediated by the lubricating qualities of the synovial fluid. The composition of the synovial fluid may change due to aging or pathology. For instance, in joints affected with osteoarthritis it has a reduced viscosity due to the decline in both concentration and molecular weight of hyaluronic acid 3 . This is associated with an increase of friction 4 .
This condition may lead to impairment of joint function, accompanied with degradation of the articular surfaces 5 .
Consequently, increase of friction in the jaw joint as associated with impairment of lubrication may lead to osteoarthritic injuries accompanied by severe pain and limited jaw movement 6 .
The human masticatory system functions mechanically as a lever 7 . As a consequence, the jaw joints acts as a guide in performing jaw movements and as a fulcrum in transferring muscle forces to the dentition 8 . They are loaded during jaw movements both with and without loads between the dentition 9 . During forceful biting this loading may reach several hundreds of Newtons per joint 10 . Concomitantly, the joints have a large degree of mobility. This combination makes them vulnerable to injuries 3, 11 . Permanent deterioration of the jaw joint can among others be the result of wear. It has been observed in autopsy material that perforations may occur in the articular disc 12 . These perforations are generally localized in the lateral aspect of this structure, coinciding with the region that is predicted to withstand the largest stresses 13, 14 . This indicates a relationship between large stresses and wear. Another phenomenon that could lead to deterioration of the jaw joint is the occurrence of a dislocation of its disc. In respectively 30% and 20% in adult females and males the articular disc is not residing on top of the mandibular condyle, but in front of it. Hence, it is anteriorly displaced 4, 5, 15 . Such an anterior disc displacement can distort the smooth movements of the condyle with respect to the skull. This condition may be either temporary or permanent. The consequence of an anteriorly dislocated disc is that it is not able anymore to perform its shock absorbing function 16 between the articular surfaces, making them more vulnerable to damage. One of the unresolved issues regarding the occurrence of a disc dislocation is the mechanism by which it comes into existence. As increased friction has been associated with a disturbance in the ability to perform smooth joint movements, it has been suspected to contribute to the anterior disc displacement disorder 5, 17 . The purpose of this study was to assess causal relationships between increased friction in the jaw joint and susceptibility for joint deterioration. This was accomplished by predicting the change of tensions and deformations of the cartilaginous structures in the jaw joint during habitual jaw opening and closing movements after application of friction, using a dynamical biomechanical model 18 . It was hypothesized that increase of friction in the joint could lead to joint deterioration by two different mechanisms: firstly by increase of the stresses in the articular disc, and secondly by affecting the normal pattern by which the disc moves between the articular surfaces.
Method
Deformations and tensions in the TMJ were analyzed during opening and closing movements using a dynamical biomechanical model of the human masticatory system 18 Friction (linear kinetic friction, frictional coefficient ¼ 1.0) was included in the contacts between the finite element models of the cartilaginous structures in the joint. This was applied between the temporal bone cartilage layer and the articular disc (superior joint space), between the condylar cartilage layer and the disc (inferior joint space) or between all three of them (both joint spaces). Both von Mises and principal stresses were analyzed as well as the displacements of the articular disc. Friction was only applied in the right joint, whereas in the left joint friction was assumed negligible. The influence of friction was qualified by the differences in stresses and strains between both joints.
Stresses and strains were analyzed using Altair Hyperworks 10 (Altair Engineering GmbH, Böblingen, Germany) during simulated jaw openeclose movements. After activation of the jaw-openers to 100% a 30 mm inter-incisal distance (23 jaw angle) was obtained after about 250 ms. Subsequent jaw-closer activation of 10% was sufficient to close the jaw similarly fast. To close the jaw against a 40 N resistance between the incisors, jaw-closer activity was increased to 20% to obtain similar jaw-closing times. These parameters had been obtained for the reference situation which did not include friction in articular contacts.
Results
Upon application of a relatively large amount of friction (coefficient of friction was more than ten-fold as normally present in this joint 1e4 ) to the superior or inferior joint compartment, frictional forces up to 50 N were predicted during jaw openeclose movements where no resistance was applied between the dentition. When such resistance was applied during closing the predicted frictional forces increased to about 55 N (Fig. 1) . The influence on the loading pattern of the articular cartilage layers was considerable. Normally, the von Mises stresses in the articular layers are less than in the disc 18 . In the affected joints they increased with a factor of about 2, whereas in the disc they remained similar to those of the unaffected side. Generally, the area over which the stresses were increased was larger in the condylar cartilage than in the layer covering the articular surface of the temporal bone (Fig. 2) .
Application of friction also affected the predicted kinematics of the masticatory system. The velocities of the jaw movements decreased. When the jaw closed against a resistance of 40 N the time necessary to close the jaw was about 1.5 times as large as in a similar movement without friction in the joint contacts.
The applied friction hardly affected the predicted magnitude of the stresses in the articular disc. However, it did influence its distribution. The area where the largest stresses occurred was shifted towards the anterior portion of the disc [ Fig. 3(A, B) ]. In this portion the tensile stresses had become relatively large. Furthermore, the gradients in first principal stress were enlarged. Larger areas of compressive first principal stress appeared, indicating locations under hydrostatic compression. Also the displacements were affected. Normally, the disc travels along with the condyle with respect to the articular surface of the temporal bone. Its medial and lateral side displaces about similarly in an antero-posterior direction during jaw openeclose movements. At the affected side the lateral side moved about 1 mm forward with respect to the medial side [ Fig. 3(C) ]. Consequently, the disc twisted slightly inward.
When friction was applied to one of both contacts in the joint only, the increased von Mises stress was predicted in the related articular cartilage layer only (Fig. 4, third & fourth column) . Furthermore, the increase was somewhat larger than observed when friction had been applied in both compartments (Fig. 4,  second column) . Qualitatively, however, the influences were similar. The same was applicable for jaw movements performed against a resistance. When resistance was applied between the dentition the stresses during closing were slightly increased, but the increase was not related to application of friction in one or both joint spaces (Fig. 4, fourth row) . The patterns of von Mises stress in the articular cartilage layers were very similar to the unloaded closing situation (Fig. 4, second & third row) , although the stressed areas were marginally larger (not shown).
Discussion
The present study aimed to assess the suspected influence of friction in the TMJ on the initiation of an anterior disc displacement 2, 5, 17 . The results of the present simulations, however, did not confirm the hypotheses that friction may induce corresponding aberrant motion patterns of the disc with respect to the articular surfaces. Only an overall attenuation was introduced. Neither did friction cause high concentrations of stress in the articular disc. Generally, the effects of increased friction on the amount of stress in the articular disc were rather marginal. They were limited to a relocation of the stressed areas towards a more anterior site, an increase of principal stress gradients, and a slight twist of the disc as a whole with respect to the bony articular surfaces. Moreover, relative to the condyle it did move less in the anterior direction than in the unaffected situation. This can be regarded as opposite to the effect suspected to result in an anteriorly dislocated articular disc.
A dominant effect of increased friction was predicted in the articular cartilage layers. There the von Mises stress was increased considerably, especially in the area of articular contact. Normally, the articular cartilage layers are loaded predominantly in compression 18 . Consequently, the subchondral bone and the cartilageebone interface is also loaded primarily in that fashion. Increased von Mises stress is indicative for occurrence of shear deformations. This is in agreement with the considerations of Anderst and Tashman 22 that increased shear loading may be due to an increased coefficient of friction between articulating surfaces. Increased shear loading in the cartilageebone interface could lead to tearing of the collagenous fibers that anchor the cartilage to the subchondral bone 23 . Such could easily lead to a loss of integrity of the cartilage layer resulting in a more profound damage when this type of loading is continued.
Modeling considerations
As human material was not available, the viscoelastic material characteristics for the articular disc had been derived from porcine material. As the TMJ disc of the pig can be considered to be very much like the human one 24 , this choice could be justified. The articular cartilage layers were modeled with a MooneyeRivlin type material model 25 . This choice was based upon the finding that the loss modulus of condylar articular cartilage (expressing its viscous behavior) hardly increases with the frequency above 0.1 Hz 26 , in contrast to that of the articular disc 15 . Under the assumption that temporal cartilage is similar to condylar cartilage, the MooneyeRivlin material model was considered more applicable for both articular cartilage layers than the TMJ disc. Convergence tests have demonstrated that an element size of 0.5 mm was adequate for the deformable structures in the present model 18 . The present resolution was 0.25 mm to accommodate a better definition in the predicted stress and strain distributions. The deformations of the modeled cartilaginous structures were relatively large. However, for the present simulations they remained within the limits defined by the applied tetrahedral elements and material models. When larger muscle forces are required, for instance to overcome larger bite forces, the joint loads will increase. If they are accompanied by deformations beyond the tolerances, it will lead to numerical instabilities. This can be considered as a limitation of the present model. Furthermore, the morphology of the present model reflects one single average human head. A different geometry may lead to different results. However, these differences will be mainly quantitatively. In a qualitative sense the conclusions will hardly be affected. In order to compare the behavior of an affected joint with a healthy one, friction was applied in the right joint only. The left one was regarded as the healthy control. Although in this configuration both joints experience the same global mechanical environment, it must be considered that friction in one joint may affect the movements in the other. For instance, jaw openeclose movements were performed with a considerable reduction of speed when friction was applied. Consequently, also the movement in the unaffected joint was slower.
The applied coefficient of friction of 1 is relatively large. Normally the TMJ moves almost frictionless 1e4 . The characteristics of friction and lubrication in the normal situation can be described into much detail 2, 27 . However, for an affected joint they are not unambiguously established 28 . Therefore, for the present analysis they were limited to linear kinetic friction. The applied quantity can be considered as arbitrary, but had been chosen such that there would be no doubt that the predicted effects were unambiguously related to friction and not, for instance, to the other components of tractional forces 29 such as plowing 30 and stress-field translation 31 . Most likely, the quantitative effects will be proportional to the coefficient of friction. 
Influence of joint compartment
As the movements in the superior and inferior joint compartments differ 32 , it was expected that also the influence of friction would differ. Indeed, application of friction did have more influence on the amount of shearing predicted in the condylar cartilage layer than in that of the temporal bone. It is doubtful that these differences have to attributed to movement differences. It is more plausible to relate them to the curvature of the articulating structures. The convexity of the mandibular condyle in the inferior compartment is more profound than the concavity of the mandibular fossa in the superior compartment. Therefore, the contact area in the former will be smaller than in the latter. Consequently, the contact stress will be larger in the inferior articular contact, leading to larger frictional forces and herewith to larger shearing forces in the articular cartilage layer. The influence of friction on shear loading in the adjacent articular cartilage layer was larger when in joint compartment on the other side of the articular disc no friction was present. This difference was only quantitative, and could have been caused by a better movability of the joint as a whole when only one of its compartments had been affected by friction. The effects on the articular disc were hardly dependent on the joint compartment where friction had been applied.
Influence of closing resistance
The resistance of 40 N that was applied between the anterior teeth during loaded jaw closing is less than 10% of the maximum capacity 33 . However, this capacity is seldom used during habitual masticatory function. The applied resistance was chosen to resemble habitual biting 34 . Increase of this resistance would have requested more muscle power to close the mouth. This would have increased the joint reaction forces and concomitantly the generated stresses. The predicted relative minor increase of frictional forces with bite or chewing forces indicate that the degenerative effects of friction can hardly be prevented or reduced by avoiding tougher foods. In contrast, unloaded movements as in talking, laughing and yawning may generate considerable frictional forces that may lead to increased shear stress in the cartilageebone connection.
Conclusion
The hypothesis that increase of friction in the jaw joint leads to joint deterioration by an increase of the stresses in its articular disc was not confirmed. The other one, that increase of friction leads to aberrant movement patterns of the articular disc between the articular surfaces, was confirmed. The effects, though, were not so large that they can be related unambiguously with internal jaw joint disorders like an anterior disc displacement. The results of the present simulations suggest that osteoarthritic deterioration of this joint due to increase in friction does not start in its articular disc, but in the articular cartilage layers. Most probably the interface between cartilage and bone will become vulnerable for tear due to an increase of shearing forces.
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